The yet uncharacterized ywad gene from Bacillus subtilis has been cloned and overexpressed in Escherichia coli. The gene product (BSAP) was purified and shown to be an aminopeptidase. The activity of BSAP was optimal at pH 8.4, the enzyme was stable for 20 min at 80°C and its activity was not affected by serine protease and aspartic protease inhibitors, but was completely diminished by the Zn-chelator 1,10-phenanthroline. ZnCl 2 was able to restore activity, and the binding stochiometry of zinc to apo-BSAP indicated two Zn ions per protein molecule. BSAP exhibited high preference toward p-nitroanilide derived Arg, Lys, and Leu synthetic substrates resulting in k cat /K m values of 1-5 · 10 1 s À1 mM
Introduction
Aminopeptidases (APs) catalyze the cleavage of single amino acids from amino end of peptide and protein chains. These enzymes are distributed in all organisms from bacteria to mammals, where they are present intracellularly, on the surface of cell membranes or excreted extracellularly [1] [2] [3] . APs are involved in a wide range of biological processes, such as protein digestion, protein maturation, protein degradation, hormone level regulation, and cell-cycle control. It is not surprising, therefore, that APs are key players in many abnormal conditions and diseases including inflammation, cancer, cataract, cystic fibrosis, stroke, diabetes, bacterial infection and HIV infection [4] [5] [6] [7] [8] [9] . Detailed understanding of the catalytic mechanism of action of aminopeptidases, and especially the factors which are critical for their proper biological function, are obviously important for a wide range of medical and pharmacological purposes.
Only partial information is currently available concerning the catalytic mechanism of aminopeptidases. This is mainly due to the relatively small number of these enzymes, which were fully characterized so far. One of such AP that contributed valuable information for the understanding of their molecular mode of action is Streptomyces griseus aminopeptidase (SGAP) [10] [11] [12] . SGAP is a low molecular weight, monomeric, double-zinc enzyme, for which the three-dimensional structure has been determined for both the native enzyme [13] [14] [15] and its complexes with various analogs [16] [17] [18] . These structures demonstrated that the active site of the enzyme contains two adjacent zinc cations. In the uncomplexed form of this enzyme, the two zinc ions are bridged by a water molecule, which was found to be removed once substrates or analogs bind to the active site. On the basis of these structures, a general catalytic mechanism has been proposed ( Fig. 1) and assignments of some of the catalytic residues have been made [16] [17] [18] . The general mechanism and some of the catalytic assignments were later confirmed by site directed mutagenesis experiments [19] . According to this general catalytic scheme, the active site metal ions play a role in substrate binding, substrate orientation, polarization of the target peptide bond, activation of the nucleophile, stabilization of the transition state, and binding of the products (Fig. 1) . A nearby acidic residue (Glu131 in SGAP) was proposed to function as the general base of the initial catalytic reaction, and also to provide further stabilization of the transition state together with another nearby residue (Tyr246 in SGAP).
The major catalytic steps presented in Fig. 1 proved to be valid also for other aminopeptidases, such as leucine aminopeptidase (LAP) [20] , methionine aminopeptidase (MAP) [21] and Aeromonas proteolytica aminopeptidase (AAP) [22, 23] . Nevertheless, the details of the initial binding geometry, the exact role of each of the two zinc ions and the exact nature of the nucleophile have been under some dispute [17] . Obviously, these important points could be clarified, at least partially, by the characterization of other types of APs and other types of substrates and analogs. The current work provides preliminary information on one such AP, which is expected to shed some light on these and related issues.
In the present study, we describe the cloning, purification and preliminary biochemical characterization of the ywad gene product of Bacillus subtilis. As expected, this protein was proved to be an M28A subfamily aminopeptidase and was hence termed BSAP (B. subtilis aminopeptidase). We also demonstrate that BSAP accommodates two catalytically important zinc cations and prefers peptide substrates with hydrophobic (Leu) or basic (Arg, Lys) N-terminal amino acids.
Materials and methods

Cloning of the ywad gene
Based on the DNA sequence of the ywad gene (NC_000964, NP_391726) of B. subtilis [24] , two primers were designed for amplification of the gene via PCR using B. subtilis (BR151) chromosomal DNA as a template. The primers were designed as to allow in-frame cloning of the gene into the T7 polymerase expression vector pET9d (Novagen) without its putative 31 amino acid signal peptide. The N-terminal primer (5 0 -GAATT-CAAGCTTCCATGGTACAAATATCAAATAGCGAG-3 0 ) included an ATG translational start codon inside the NcoI restriction site (CCATGG). The C-terminal primer (5 0 -AGACTGCAGGGATCCTATTATTTGATATCTT-CAAAAATGTCAGATGC-3 0 ) included a BamHI restriction site (GGATCC) after the end of the gene. Following PCR, the amplified product was digested with NcoI and BamHI, and cloned into the pET9d vector. DNA sequencing was performed to verify the actual base sequence of the cloned gene.
Purification of recombinant BSAP
Expression of the B. subtilis ywad gene was carried out by growing Escherichia coli BL21(DE3) cells in Terrific Broth medium [25] supplemented with kanamycin (25 lg ml À1 ) (500 ml in 2 l flasks, shaken at 230 rpm, 37°C). At a culture density of 0.6 O.D 600 , isopropyl b-D D-thiogalactopyranoside (IPTG) was added (1 mM) and growth was maintained for 12-16 h. Cells from one liter of overnight culture (5 O.D 600 ) were harvested (8000 rpm for 15 min, 15°C), re-suspended in 15 ml of 100 mM NaCl, 50 mM MOPS, pH 7.5, 0.02% sodium azide, and disrupted by three passages through a French Ò press (Spectronic instruments, Inc., Rochester, NY, USA) at room temperature. The soluble fraction (about 30 ml) containing the recombinant BSAP was diluted 10-fold with water to decrease the ionic strength and viscosity. The diluted fraction was then applied on a HiPrepe SP Sepharose Fast Flow XK 16/10 column (functional group -CH 2 CH 2 CH 2 SO À 3 ) on AKTA explorer (Pharmacia). The column was washed with four column-volumes (20 · 4 ml) of a solution containing 100 mM NaCl, 50 mM MOPS, sodium azide 0.02%, pH 7.5, and the protein was eluted with a linear NaCl gradient (100 mM-1.5 M) over 20 column-volumes.
Determination of the catalytic constants of BSAP
Kinetic measurements were carried out using L Lleucine-para-nitroanilide (leu-pNA) (Sigma) as a substrate. The reaction solution (600 ll) contained 50 mM MOPS, pH 8 and 3 lM ZnCl 2 , together with appropriate amounts of diluted enzyme and substrate (4 mM). The increase in absorbance at 405 nm was followed using a Biochrom 4060 spectrophotometer (Pharmacia). A stopped assay was used to find relative activities at various pHs and the reaction was terminated by adding 300 ll acetic acid 0.9 M. The extinction coefficient used for para-nitroanilide 405 nm was De = 9.65 mM À1 cm À1 at pH 8. The kinetic parameters for various substrates were determined toward various substrates in the same reaction conditions with an appropriate dilution of the enzyme. A series of para-nitroanilide derivatives of amino acids were used for substrate preference analysis, including Ala-pNA (0.5-14 mM), Leu-pNA (0.5-12 mM), Val-pNA (0.5-14 mM), Gly-pNA (10 mM), Arg-pNA (0.1-8 mM), Lys-pNA (0.1-10 mM), PhepNA (1 mM), Pro-pNA, (Sigma), Asp-pNA (10 mM), Glu-pNA (10 mM), Ac-Leu-pNA (1 mM), AlaPro-pNA (10 mM) (Bachem). The catalytic constants K m and k cat were determined by non-linear regression analysis using GraFit 5.0 [26] .
Determination of the thermal stability and pH optimum of BSAP
Appropriate enzyme stock dilutions of BSAP were pre-incubated for 20 min at 50°C to retain full activity, and then cooled to room temperature. To estimate the thermal stability of BSAP, the purified recombinant enzyme was pre-incubated for 20 min at different temperatures (30-90°C) and then cooled to room temperature. The residual activity was measured in the standard continuous assay (about 5.8 nM enzyme). To estimate the pH optimum for the catalytic activity of BSAP, the relative enzyme activity was measured in the standard stopped assay procedure at a series of pH conditions ranging from 6.85 to 10.6, using two buffers Bis-Tris and MOPS.
Effect of inhibitors and chelators on BSAP activity
The effect of various inhibitors and metal chelators on BSAP catalytic activity was measured according to the procedure described by Dunn [27] . The enzyme (29 nM) was pre-incubated with a given inhibitor/chelator (1.5 · 10 À3 mM pepstatin, 1 mM phenylmethylsulfonylfluoride (PMSF), 1,10-phenanthroline or 1,7-phenanthroline) for 90 min at room temperature in 50 mM MOPS buffer (pH 8.0). Following the incubation, 5.8 nM enzyme was added to the reaction mixture and the activity was assayed under the standard continuous reaction conditions.
Demetallization and reconstitution of BSAP by Zn titration
50 mM MOPS buffer and distilled water were demetallized by stirring with Chelex-100 (Bio-Rad) (25 g for 2 l 1 h). To prepare the apo-enzyme, purified recombinant BSAP (5.8 lM) was dialyzed first for 15 h against 1 mM 1,10-phenanthroline in 50 mM MOPS, pH 8.0 at 4°C and then for 10 h against 1 lM 1,10-phenanthroline in the same buffer for 10 h at 4°C. Finally, it was dialyzed for 15 h against distilled water at 4°C. Once apo-BSAP was obtained, the activity of the enzyme was measured in a continues assay in the presence of different concentrations of zinc (ZnCl 2 ) ranging from 0.2 to 100 lM, using 4 mM of the substrate alaninepara-nitroanylide (Ala-pNA). The relatively poor substrate Ala-pNA (compared to Leu-pNA) was used in this particular assay in order to increase the sensitivity of the measurement, since relatively high concentrations of BSAP (0.65 lM) were used. All the reaction components were dissolved in distilled Chelex-100 treated water to ensure full metal removal.
Results and discussion
Cloning and purification of BSAP
Based on amino acid sequence alignment, the ywad gene in B. subtilis encodes a putative aminopeptidase that contains a double-zinc active site and a 31 amino acids leader peptide [2]. The ywad gene was cloned without its leader peptide into pET9d via PCR using primers that were designed based on the DNA sequence [24] . The cloned gene was verified by DNA sequencing and was then over-expressed in E. coli cells to produce the corresponding protein (BSAP).
BSAP was purified from the crude extract of the E. coli cells with a single cation exchange chromatography step ( Fig. 2(a) ). The purification procedure resulted in a fivefold purification factor and 58% recovery, providing 40 mg purified enzyme from one-liter culture (Table 1) . Based on SDS-PAGE the purity of the final protein solution was more than 97% ( Fig. 2(b) ).
The purified recombinant BSAP was tested for thermostability since its low-molecular-weight homologues, AAP [23] and SGAP [10] [11] [12] 15] , were shown to be moderately thermostable. Indeed, BSAP was shown to be stable for 20 min at temperatures of up to 80°C, as confirmed by its full activity recovery at room temperature after such pre-incubation periods. Considerable decrease in stability was observed for a similar experiment at 90°C. This level of thermostability of BSAP is significantly higher than those observed for AAP and SGAP, and as such could make BSAP useful for various biotechnological applications. A similar examination of the pH profile of BSAP demonstrated maximal relative activity of the enzyme between pH 8 and pH 9. In addition to AAP and SGAP, this optimal pH range and thermostability seem to be common features in many extracellular aminopeptidases [28] . The molecular basis for the observed thermostability and the specific amino acids involved in the pH profile of these aminopeptidases should require further investigation.
BSAP is a double-zinc aminopeptidase
To make sure that BSAP is indeed a metalloproteinase, its catalytic activity was examined in the presence of various inhibitors that are typical to the different classes of proteinases. The enzyme was proved to be completely insensitive to PMSF (100% activity), a representative strong inhibitor for serine proteinases, and practically insensitive to pepstatin (80% activity), a representative strong inhibitor for aspartic proteinases, and was only marginally inhibited by complete EDTA free, protease inhibitor cocktail. In this regard, BSAP does not contain cystein residues. These and related experiments demonstrated that BSAP does not belong to either aspartic, cysteine or serine classes of proteinases.
The enzymatic activity of BSAP was significantly affected, however, by typical metal chelators. The activity was almost totally inhibited in the presence of the chelators EDTA and 1,10-phenanthroline, but was not affected by comparable amounts of the non-chelator 1,7-phenanthroline. These experimental results clearly demonstrate that BSAP contains at least one metal ion (most likely zinc), which is important for its catalytic activity and as such are consistent with BSAP being a metallo-proteinase.
As performed for many other metalloenzymes, the most accurate way to determine the metal content per protein involves the full removal of the metal by a metal chelator, followed by a quantitative titration of the resulting apo-enzyme with the specific metal ion to be tested [29, 30] . The apo-enzyme was subjected to different Zn concentrations (0.2-100 lM) and the activity was determined using the relatively poor substrate, AlapNA, as to allow accurate measurements with high enzyme concentrations. Such gradual addition of Zn resulted in restoring almost 100% activity in a ratio of 2-2.5 mol Zn per mole BSAP (Fig. 3) suggesting that BSAP contains two Zn molecules in its active site. These results are consistent with the fact that BSAP share conserved residues (His250, Asp262, Glu295, Asp323 and His401) (Fig. 4) that were shown to bind two Zn molecules in AAP and SGAP [16, 17] . Zinc-titration curves of higher sensitivity and resolution should be performed in order to examine binding and activity differences between the two zinc ions of the active site, if any. It should be noted that the exact ratio of mole Zn per mole BSAP cannot be directly determined from this type of experiment because the binding constants could be in the same range of the enzyme concentration (in the lM range).
Substrate specificity of BSAP
To test the substrate specificity of BSAP, different pnitroanilide derivatives of amino acids were used as substrates for a series of activity measurements. These series included the corresponding derivatives of Gly, Ala, Met, Leu, Val, Arg, Lys, Phe, Pro, Asp and Glu, representing all types of amino acid residues. The enzyme was most active toward the basic amino acids (Arg, Lys), as well as toward hydrophobic amino acids with large aliphatic chain (Leu), for which the k cat /K m values obtained were in the range of 1-5 · 10 1 s À1 mM À1 (Table 2 ). The activity toward amino acid residues with a less hydrophobic side chain (Val, Ala) was significantly lower, with about four orders of magnitude decrease in the k cat /K m values (Table 2) . Only residual catalytic activity of BSAP could be observed toward Gly, Pro, acidic residues (Glu, Asp), and aromatic residues (Phe). The high substrate preference of BSAP toward Leu is similar to the preference reported for the homologous aminopeptidases from S. griseus (SGAP), Pseudomonas aeroginosa and Aeromonas cavia. In contrast, the corresponding k cat /K m values towards substrates with basic N-terminal residues such as Arg and Lys were about two orders of magnitude lower for these enzymes compared to those of BSAP [11, 31, 32] . Also significantly different are the much lower catalytic values of BSAP toward residues such as Phe, while for SGAP these residues show catalytic values that are comparable to Leu [15, 17] . In general, however, BSAP seems to belong to the sub-group of aminopeptidases that has a relatively broad preference for N-terminal amino acids, suggesting that it has a relatively wide and flexible specificity site, similar to those of SGAP, AAP and LAP. Based on the crystal structures of SGAP and AAP complexed with inhibitors, it appears that both enzymes evolved a binding site that can accommodate hydrophobic substrates [16, 33] . Some of the conserved binding residues include Phe, Met and Tyr, and BSAP shares some of them (Met 324 and Tyr 400) (Fig. 4) . Interestingly, BSAP appears to be similar to a native aminopeptidase obtained previously from a B. subtilis culture [34] . Both enzymes share similar amino acid composition and they seem to have comparable specificities [35] .
Further studies
The ability to over-express recombinant BSAP in relatively large quantities, and in a soluble and active form, makes it an excellent target for further biochemical and biophysical studies. It also makes this enzyme a very good representative enzyme for structure-function analysis of double-zinc amiopeptidases, as well as other peptidases containing catalytic metals. Such detailed studies include various kinetic studies, site-directed mutagenesis and X-ray crystallographic structural analysis, all of which require proteins of high quantities and relatively high purity. In this respect, the purified recombinant BSAP protein was already used for initial crystallization experiments. These preliminary experiments resulted recently in at least one crystal form, which is suitable for high-resolution structure determination [36] . These crystals belong to an hexagonal space group and diffract Xrays to 2.1 Å resolution. They are currently used for a full structural analysis of native BSAP. 
